Cellobiose oxidoreductase is a flavocytochrome secreted by wood-rotting fungi. The structure and functional role of the enzyme are reviewed, and a mechanism through which the enzyme produces superoxide, ferrous iron and hydrogen peroxide is proposed. The reactions of hydroxyl radicals formed by Fenton chemistry are discussed in the context of lignocellulose biodegradation.
Introduction
Lignocellulose is the term used to define the two intimately associated components of plant cell walls, lignin and celluloses. Polysaccharides are found in all plant materials and are depolymerized directly by hydrolytic enzymes secreted by wood-rotting fungi and actinomycetes, a group of hyphal bacteria. Lignin is an irregularly structured phenolic polymer derived from phenylpropanoid subunits and is found in plant secondary cell walls. The complex structure of lignin and its range of aromatic carbon-carbon and carbon-oxygen bonds confer exceptional resistance to hydrolytic attack.
A special class of wood-rotting fungi, the white-rot fungi, are the only known organisms capable of oxidizing lignin to CO 2 [1] . They achieve this by secreting a range of oxidative enzymes, including lignin peroxidases and hydrogen peroxide-generating enzymes, essential for lignin peroxidase activity. Many of the enzymes involved in lignin degradation have unique or unusual redox mechanisms, and some are dependent on inorganic ions such as Mn 3+ and low-molecularmass secondary metabolites, such as veratryl alcohol and oxalate, for their reactivity [2, 3] . Oxidizing species generated in this way can then diffuse into the lignocellulose matrix and oxidize lignin bonds.
Brown-rot fungi and actinomycetes do not secrete lignin peroxidases and cannot substantially degrade lignin. However, brown-rot fungi can effectively penetrate and strip cellulose from wood, so that only brown lignin remains [1] .
CBOR [cellobiose oxidoreductase; EC 1.1.99.18; also known as cellobiose dehydrogenase (CDH) or cellobiose oxidase (CBO)] is an oxidative enzyme secreted by all classes of wood-rotting fungi, although the enzyme has not been found in actinomycetes, which cannot colonize wood. This suggests that CBOR plays a central role in the ability of wood-rotting fungi to penetrate the lignocellulose matrix. Recently it has been shown that a CBOR (−) mutant of the white-rot fungus Trametes versicolor has a substantially decreased ability to colonize wood [4] .
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Physical characteristics of CBOR
The CBOR from Phanerochaete chrysosporium has been most extensively studied; it is a monomeric glycoprotein (pI 4.2) and has two distinct domains, linked by a 25-amino-acid hinge peptide. The 58 kDa C-terminal flavin domain, which shares ∼50% sequence similarity with the FAD-dependent enzymes of the glucose/methanol/choline oxidoreductase family of enzymes [5] , bears a single FAD and the active site for cellobiose oxidation. The 22 kDa N-terminal haem domain has an unusual β-sheet secondary structure [6] and bears a single b-type haem. The haem-iron is low spin and has a redox potential of +165 mV at pH 4 [7] due to the unusual His-Met ligation [8] , which is common in c-type, but rare in b-type, cytochromes. This unique enzyme is the only known example of a secreted flavocytochrome.
Redox reactions of CBOR
CBOR catalyses the two-electron oxidation of cellobiose, a product of cellulose depolymerization, to cellobionolactone at the flavin redox centre and, in vitro, reduces a variety of one-and two-electron acceptors, notably quinones, oxygen, dichloroindophenol and ferric iron complexes, including cytochrome c. The mechanism of reduction of electron acceptors has been the subject of some debate, but the kinetics of reduction of the two-electron acceptor dichloroindophenol [9] and the single-electron acceptor cytochrome c [10] suggest that two-electron acceptors are reduced at the flavin redox centre, whereas single-electron acceptors are reduced at the haem redox centre. The isolated flavin domain of CBOR, produced by proteolysis at the hinge peptide, catalyses many of the reactions of the intact enzyme, including the reduction of cytochrome c, albeit at a much lower rate. These reactions have fuelled the popular misconception that the flavin redox centre catalyses reduction of all electron acceptors. Recently it has been demonstrated unequivocally that the haem redox centre reduces cytochrome c directly [11] . Additionally it has been established that reduction of cytochrome c by the flavin domain is an indirect reaction, mediated by superoxide produced by the reaction of oxygen with the flavin redox centre (M.G. Mason, P. Nicholls and M.T. Wilson, unpublished work). When oxygen is the sole Scheme 1 Model for the production of hydroxyl radicals by CBOR f, flavin; b, b haem; (᭺), empty electron 'sites'; (᭹), filled electron 'sites'. The flavin centre is reduced by cellobiose (cb), which is oxidized to cellobionolactone (cbl). After internal electron transfer (ET), the flavin semiquinone reacts with oxygen, producing superoxide; reduced haem is oxidized by a ferric iron chelate (e.g. ferric oxalate) or superoxide, generating either ferrous iron or hydrogen peroxide respectively. Hydrogen peroxide may also be produced by a two-electron oxidation of reduced flavin by oxygen. The reaction of ferrous iron with hydrogen peroxide produces hydroxyl radicals. For simplicity only the key reactions that generate superoxide, hydrogen peroxide and ferrous iron have been included.
electron acceptor of the intact enzyme, it reacts with the flavin redox centre, producing either hydrogen peroxide or superoxide depending on the redox status of the flavin; when superoxide is produced, it then reacts with the reduced haem, generating hydrogen peroxide [12] . Reduction of single-electron acceptors is most rapid between pH 4 and pH 4.5 and is partially inhibited at high cellobiose concentrations, reflecting the inhibition of internal flavin-to-haem electron transfer by substrate. A full account of the pH dependence of flavin-to-haem electron transfer and its inhibition by substrate will be reported elsewhere.
Role of CBOR in wood-rotting
The precise role(s) of CBOR in the degradation of lignocellulose has not been established unambiguously. However, it is thought to be unique in its ability to partially depolymerize all components of lignocellulose [13] . The widespread occurrence of the enzyme in wood-rotting fungi of all classes implies that the enzyme is not required for mineralization of lignin. One of the suggested functions of the enzyme (reviewed by Henriksson et al. [13] ), for which evidence is steadily accumulating, is that CBOR is involved in generating reactive oxygen species such as superoxide and hydroxyl radicals. Reactive oxygen species may accelerate the depolymerization of cellulose by attacking its crystalline structure, thereby making it more accessible and therefore more susceptible to attack by hydrolytic enzymes. Kremer and Wood [7] first proposed that the Fe 3+ -reducing activity of CBOR may be important for the production of hydroxyl radicals, and demonstrated that CBOR could produce hydroxyl radicals via Fenton chemistry, i.e. under aerobic conditions from cellobiose and Fe 3+ [14] . Hydroxyl radicals are generated by Fenton chemistry from the reaction of ferrous iron with hydrogen peroxide: and O 2 . The idea that the main function of an enzyme would be to generate damaging hydroxyl radicals has, not surprisingly, met with some resistance. However, it has been reported that when hydroxyl radicals are generated by CBOR from cellobiose and ferric iron oxalate, these radicals oxidize oxalate to the strongly oxidizing carboxylate anion radical. As the carboxylate radical has a longer half-life than the hydroxyl radical, this could provide a mechanism for preventing radical damage to the hyphae [15] .
Based on the current knowledge of the reactions of CBOR with ferric iron chelates and with oxygen, a mechanism for the production of Fenton reagents is proposed in Scheme 1.
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